We identified 322 mRNAs that showed significantly altered expression in HD blood samples, compared with controls (P < 0.0005), on two different microarray platforms. A subset of up-regulated mRNAs selected from this group was able to distinguish controls, presymptomatic individuals carrying the HD mutation, and symptomatic HD patients. In addition, early presymptomatic subjects showed gene expression profiles similar to those of controls, whereas late presymptomatic subjects showed altered expression that resembled that of symptomatic HD patients. These elevated mRNAs were significantly reduced in HD patients involved in a dose-finding study of the histone deacetylase inhibitor sodium phenylbutyrate. Furthermore, expression of the marker genes was significantly up-regulated in postmortem HD caudate, suggesting that alterations in blood mRNAs may reflect disease mechanisms observed in HD brain. In conclusion, we identified changes in blood mRNAs that clearly distinguish HD patients from controls. These alterations in mRNA expression correlate with disease progression and response to experimental treatment. Such markers may provide clues to the state of HD and may be of predictive value in clinical trials. microarrays ͉ neurodegeneration ͉ polyglutamine diseases
H
untington's disease (HD) is an autosomal dominant neurodegenerative disorder characterized clinically by progressive motor impairment, cognitive decline, and various psychiatric symptoms, with the typical age of onset in the third to fifth decades. The disorder is caused by the expansion of an unstable CAG triplet repeat. Changes in HD brains are widespread and include neuronal loss and gliosis, particularly in the cortex and the striatum (1) . Transcriptional deregulation and loss of function of transcriptional coactivator proteins have been implicated in HD pathogenesis (2, 3) . Mutant huntingtin has been shown specifically to disrupt activator-dependent transcription in the early stages of HD pathogenesis (4) . Numerous microarray studies showed alterations in mRNA levels of a large number of genes in the brain of HD mice, suggesting that huntingtin may interfere with transcriptional mechanisms common to many genes (5, 6) . In addition, studies in cell culture, yeast, and Drosophila models of polyglutamine disease have indicated that histone deacetylase (HDAC) inhibitors might provide a useful class of agents to ameliorate the transcriptional changes in HD (7) (8) (9) (10) (11) .
Because mutant huntingtin is ubiquitously distributed and appears to affect widely expressed transcription factors, it has been postulated that transcriptional impairments in HD may exist in tissues outside of the CNS. For example, significant alterations in mRNA expression have been detected in the skeletal muscle of HD transgenic mice (6) . These findings suggested that other tissues, such as peripheral blood, could be used to analyze changes in gene expression in patients with HD. Previous work indicated that lymphoblasts derived from HD patients showed increased stressinduced apoptotic cell death (12) . Furthermore, both normal and mutant huntingtin have been found in peripheral blood of HD patients (13) . Thus, we hypothesized that analysis of blood cells also could reveal patterns of differential gene expression that could serve as indicators of normal and abnormal biological processes in HD. Although the genetic mutation in HD serves as a definitive trait marker, differential gene expression in blood could serve as a state marker of the disease. Such biomarkers could be especially valuable in presymptomatic carriers of the HD mutation to provide an objective measure of disease state. For example, it has been hypothesized that neurons are at risk several years before motor symptoms of the disease occur, but a definitive diagnosis can be made only in the presence of unequivocal motor signs of HD. Such markers also are much needed in clinical trials of symptomatic patients, which currently rely on relatively insensitive clinical measures.
In this study, we used oligonucleotide microarrays to analyze global changes in mRNA expression in the blood samples of HD patients, compared with normal controls. In addition, we analyzed peripheral blood samples from patients who were on sodium phenylbutyrate, an HDAC inhibitor, as part of a phase I dosefinding study. Because histone acetylation and deacetylation play an important role in regulation of gene transcription, we hypothesized that the treatment of HD patients with sodium phenylbutyrate may affect gene expression in patients' blood. Our data suggest that a subset of genes altered in peripheral blood may correlate with HD progression and response to treatment.
Methods
Isolation of Blood and Brain Samples. Peripheral blood samples were collected from 62 HD subjects and 53 age-and gender-matched healthy controls. The HD group included a cohort of nine early presymptomatic carriers of the gene mutation, as determined by genetic testing, consisting of five females and four males (average age, 22.5 Ϯ 2.6 years). An additional group of 21 late presymptomatic carriers of the HD mutation also was included in the study. This group consisted of 11 females and 10 males (average age, 39 Ϯ Abbreviations: HD, Huntington's disease; HDAC, histone deacetylase; QRT-PCR, quantitative RT-PCR; PCA, principal component analysis.
years)
. Further, 32 patients were symptomatic, 17 females and 15 males (average age, 49.6 Ϯ 5.9 years). The determination of the neurological status of the HD patients used the Unified Huntington's Disease Rating Scale performed by an experienced HD neurologist. All of the symptomatic patients were in stages I or II of HD, as determined by the total functional capacity scores of 7-12. All samples were obtained in accordance with the institutional review boards, and participants gave written informed consent. Blood samples also were obtained from 12 symptomatic patients (7 males and 5 females) participating in a dose-finding study of the HDAC inhibitor, sodium phenylbutyrate (SPB11, Scandinavian Formulas, Sellersville, PA) at Oregon Health and Science University. The dosage of sodium phenylbutyrate in these subjects ranged from 12 to 18 grams per day administered in three doses. The blood samples were collected before treatment and at the end of week 4 of treatment. There were no consistent differences noted in total and differential cell blood counts between controls and HD patients or as a result of phenylbutyrate treatments. In addition, gene expression levels of known markers of lymphocytes (IFN-induced genes), neutrophils (lactotransferrin), and reticulocytes (hemoglobin ␦) exhibited no systematic differences between the HD and control samples. Any and all concomitant medications were held stable throughout the sodium phenylbutyrate treatment period. For experiments involving human brain, caudate nuclei from five HD postmortem frozen brain samples (Vonsattel grades 0-2) and four age-and gender-matched controls with similar postmortem intervals were analyzed.
RNA Isolation and Gene Profiling. Total RNA from blood was extracted by using the PAXgene blood RNA kit (Qiagen, Valencia, CA), and the RNeasy lipid tissue kit (Qiagen) was used for the isolation of total RNA from striatum according to the manufacturer's protocol. All samples were treated with the RNase-free DNase set (Qiagen). The quality of total RNA was analyzed by using the RNA 6000 Nano LabChip kit on a 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA). Microarray analysis was performed by using U133A GeneChips (Affymetrix) and CodeLink Uniset Human I and II bioarrays (Amersham Biosciences). The U133A GeneChip contains 22,283 25-mer probe sets, and the Uniset Human I and II bioarrays contain 20,289 30-mer probes. Approximately 11,000 genes with unique LocusLink IDs are common to both platforms. The RNA for both platforms was processed by using a modified Amersham Biosciences CodeLink protocol (14) . Briefly, 4 g of high-quality total RNA was reversetranscribed (Invitrogen), cleaned by using the QIAquick purification kit (Qiagen), and then used as a template for in vitro transcription by using T7 MEGA script reagents (Ambion, Austin, TX) and biotin-11-UTP (PerkinElmer͞NEN). Resulting biotin-labeled cRNA was recovered and purified with the RNeasy kit (Qiagen), hybridized to the chips, and fluorescently tagged and scanned according to the manufacturer's protocol. The usual quality measures and normalization for both the Affymetrix GeneChip (3Ј͞5Ј ratios and trimmed mean normalization) and the CodeLink microarrays (detection thresholds and median normalization) were used in the experiments. All arrays were run in the same core facility.
Quantitative RT-PCR (QRT-PCR) Analysis. Reverse transcription was performed by using total RNA isolated from blood or postmortem brain and processed with the SuperScript first-strand synthesis system for RT-PCR according to the manufacturer's protocol (Invitrogen). QRT-PCR was performed with the SYBR green method by using the MyiQ Single-Color RT-PCR detection system (Bio-Rad). Primers were designed with the PRIMER3 program (http:͞͞frodo.wi.mit.edu͞cgi-bin͞primer3͞primer3www.cgi) and the sequences were as follows: ANXA1 (forward), GAGC-CCCTATCCTACCTTCA; ANXA1 (reverse), GGTTGCTT-CATCCACACCT; AXO (forward), ACATCAGATTCGGC-TCAAGG; AXO (reverse), GGACTGCAAACCGGAATAAG; CAPZA1 (forward), TTGGAGGGCAAAGGAAGT; CAPZA1 The genes were selected from 17 HD-affected subjects and 14 healthy control subjects according to P value (P Ͻ 0.0005), fold change (Ͼ1.8 or Ͻ0.6), and expression maximum Ͼ100 (Affymetrix) or Ͼ1 (Amersham Biosciences). Each column represents a sample and each row a gene. The colorgram depicts high (red) and low (green) relative levels of gene expression. The samples were normalized (median-polished) for each platform. Hierarchical clustering using cosine correlation with complete linkage was performed on the pool of all samples from both platforms to determine sample and gene clustering. The two groups were then separated in the display to compare the gene profiles between the two platforms (healthy control subjects C1-C14, late presymptomatic carriers of the HD mutation P1-P5, and symptomatic HD patients S1-S12).
(reverse), GCAGGGAATGTGGTTCAAGT; HIF1A (forward), CGCAAGTCCTCAAAGCACA; HIF1A (reverse), TCAGTG-GTGGCAGTGGTAGT; JJAZ1 (forward), GATGGGGAAG-TAGAACAGCA; JJAZ1 (reverse), CGGAGAGGTAAGCAG-GTATCA; P2Y5 (forward), TTGGACGTGCCTTTACGA; P2Y5 (reverse), TGCTGAACATGCACCCATAC; PCNP (forward), CTGTTCCAACTCTTGCTCCA; PCNP (reverse), GGCATT-TCCTCTGGTTCACT; ROCK1 (forward), TGAGGTTAGGGC-GAAATGGT; ROCK1 (reverse), AATCGGGTACAACTGGT-GCT; SF3B1 (forward), CTTATGGGCTGTGCCATCTT; SF3B1 (reverse), GTCCGAACTTTCTGCTGCTC; SP3 (forward), CCT-TACTTGCCTCTGGAACA; SP3 (reverse), CTCCCTGAACC-TGGACTTGA; TAF7 (forward), CGGGAGAGTTTGTGAGT-TGA; TAF7 (reverse), AGCTAGGGAACAGGAAAGCA; YIP-PEE (forward), GAGAGTGAGGGCTTTGAGGA; YIPPEE (reverse), GGAGACCTGGGAAAAGATGG; ACTIN (forward), TCCCTGGAGAAGAGCTACGA; ACTIN (reverse), AGGA-AGGAAGGCTGGAAGAG; and 28S (forward), AAACTCTG-GTGGAGGTCCGT; 28S (reverse), CTTACCAAAAGTGGC-CCACTA. Initial analysis was performed by using the ICYCLER system software (Bio-Rad). Relative gene expressions were calculated by using the 2 Ϫ⌬⌬Ct method, in which Ct indicates cycle threshold, the fractional cycle number where the fluorescent signal reaches detection threshold (15) . ␤-actin was used as an internal control for blood samples and 28S rRNA as an internal control for striatum samples.
Statistical Analysis. Data analysis was performed by using the following software: MAS (version 5.0, Affymetrix), CodeLink (Amersham Biosciences), EXCEL (Microsoft), ACCESS (Microsoft), S-PLUS (version 6.1, Insightful, Seattle), and SPOTFIRE DECISIONSITE FOR FUNCTIONAL GENOMICS (version 8.0, Spotfire, Somerville, MA). Briefly, MAS (version 5.0), and CodeLink were used for the acquisition and calculation of signal values on Affymetrix and Amersham Biosciences microarrays, respectively. Calculation of maximal value of expression, two-sided t test, and ratio of change were performed by EXCEL, whereas ACCESS was used for filtering of the statistically significant genes on both microarray platforms.
Principal component analysis (PCA) of microarray and QRT-PCR results were done with S-PLUS (version 6.1). Normalization of microarray data and hierarchical clustering were performed by using SPOTFIRE DECISIONSITE FOR FUNCTIONAL GENOMICS (version 8.0).
The genes with low expression levels have lower copy numbers of mRNA and are most susceptible to technical noise. Therefore, in the analysis of the Affymetrix microarray data, only genes with MAS (version 5.0) ''signal'' intensity in at least one sample above the ''target intensity'' of 100 were considered for further analysis. For Amersham Biosciences microarrays, a similar filter was applied by using the CodeLink median expression level of 1 as the filtering criterion. We further filtered the data by using a two-sided Student t test with P Ͻ 0.0005 and an expression ratio of average HD͞ average healthy control Ͼ1.8 or Ͻ0.6 as cut-off values. The lists of most significantly changed genes from both platforms were crossreferenced, and duplicate entries were excluded. Hierarchical clustering on normalized (median-polished) samples using cosine correlation with complete linkage was performed on the pool of all samples from both platforms to determine the gene clustering and to better visualize differences in expression profiles between the HD patients and healthy control subjects SPOTFIRE DECISIONSITE FOR FUNCTIONAL GENOMICS (version 8.0).
For QRT-PCR data, the average fold change ϭ 2 Ϫ(average ⌬⌬Ct) was computed by using the average difference in the ⌬Ct between the genes and internal controls. The error bars on the column plots were determined by the SEM difference of the ⌬Ct values so that the top of the error bar corresponds to (average fold change) ϫ (2 SEM Ϫ 1). We also performed PCA with S-PLUS (version 6.1) by using the ⌬Ct values for each gene of the 12-gene marker set, compared with ␤-actin as control. To account for possible technical variability in different QRT-PCR experiments, all of the ⌬Ct values were normalized to the median of matched control samples used in each experiment. We calculated the principal components on the training set and then used the same principal components to analyze a test set. We plotted the first two principal components because they captured the most variation in the original data. 
Results

Microarray Analysis of Global Gene Expression Changes in Blood of HD
Patients. Using Affymetrix GeneChip U133A and Amersham Biosciences CodeLink arrays, we analyzed global gene expression changes in blood samples from 17 HD subjects (12 symptomatic and 5 late presymptomatic carriers of the HD mutation) and 14 healthy, age-and gender-matched control subjects. The Affymetrix platform identified 773 significantly changed genes (P Ͻ 0.0005, average HD͞average healthy controls expression ratio Ͼ1.8 or Ͻ0.6, expression level Ͼ100). Using Amersham Biosciences CodeLink arrays for high-throughput validation of the Affymetrix data, we selected 322 genes that also were significantly changed on the Amersham Biosciences arrays (P Ͻ 0.0005, ratio Ͼ1.8 or Ͻ0.6, expression level Ͼ1). Cluster analysis of the Affymetrix and Amersham Biosciences expression levels of the significantly changed genes showed that the majority of the genes were up-regulated in HD, compared with control blood samples (Fig. 1) . Interestingly, four of the significantly changed genes were up-regulated on Affymetrix and down-regulated on Amersham Biosciences platform. Our initial investigation suggested that probes on different platforms may hybridize to different splice variants of each gene, but further experiments will be required to confirm this observation.
Genes that had significant changes in expression belong to many different functional groups such as transcription͞RNA processing, signaling, ubiquitin͞proteasome, and vesicle trafficking. Those involved in transcription include transcriptional coactivators such as TAF7, splicing factors such as SF3B1, transcriptional regulators such as retinoblastoma 1, and zinc finger proteins. Other differentially expressed genes include those involved in signal transduction such as purinergic receptor P2Y5, members of the tumor necrosis factor receptor superfamily, and ubiquitin͞proteasome-associated proteins such as ubiquitin-specific protease USP15. Genes involved in vesicle trafficking such as proteoglycan 1 also were significantly changed.
Selection of Biomarker Genes. To identify a subset of genes that could usefully classify HD patients and healthy controls, 322 genes were ranked according to their P values, highest fold change, highest expression levels, and consistency of fold change in each individual HD sample, compared with its age-and gender-matched control. Probe sequences that corresponded to duplicates of the same genes, as well as probes for unknown or hypothetical proteins, were removed. In the case of duplicate entries, probes with the most statistically significant changes were used in further analysis. Using such criteria, we selected the top 30 candidate genes, which were further tested by QRT-PCR using blood samples from 11 HDaffected subjects (6 new symptomatic patients and 5 late presymp- Fig. 3 . The marker gene set was differentially expressed in presymptomatic and symptomatic HD subjects. PCA in the training set confirmed the separation of the presymptomatic carriers of the HD mutation and HD patients from healthy control subjects (A). Using the first two principal components from the QRT-PCR training set, PCA for the 12 genes in the test set confirmed the separation of symptomatic HD patients from healthy controls (B). Early presymptomatic carriers of the HD mutation (average age, 22.5 Ϯ 2.6 years) cluster predominantly with control samples (C), whereas late presymptomatics (average age, 39 Ϯ 6.1 years) mostly group with symptomatic HD patients (D). PCA was performed by using the ⌬Ct values. For visualization in a 2D plot, the first two principal components for the training set data were chosen representing 81% of the variance in the training set. The subgroups are colored according to their clinical classification (healthy control subjects ᭜, early presymptomatics ■, late presymptomatics OE, symptomatic HD patients F). Analysis of the individual genes revealed up-regulation of expression with progression from early presymptomatic to symptomatic stage of HD (E). All of the 12 genes were significantly up-regulated in symptomatic HD patients (■) and late presymptomatic carriers of HD mutation (■), compared with controls (P Ͻ 0.05). In the early presymptomatic group (■), only annexin A1 (ANXA1), TAF7, and purinergic receptor P2Y (P2Y5) were significantly upregulated (P Ͻ 0.05). Gene expression of the 12 selected genes in A-E was analyzed by QRT-PCR.
tomatic carriers of the HD mutation that were used for microarrays) and 5 new, age-and gender-matched controls. Using this approach, we identified 12 genes that exhibited the most statistically significant changes between the HD and control groups (Fig. 2) . To confirm the ability of the selected marker set to discriminate between healthy controls and HD subjects, we used a test set consisting of a new cohort of 30 HD subjects (14 symptomatic patients and 16 late presymptomatic carriers of the HD mutation) and 25 matched controls. We found a statistically significant increase in the expression of the biomarker genes in HD subjects, compared with controls ( Fig. 2 A) . Next, PCA was performed to better visualize the differences in expression of the 12 genes in relation to the stage of disease. Such analysis of the training set confirmed that the 12 genes were able to clearly separate the HD subjects and controls in the training sets when Affymetrix, Amersham Biosciences (data not shown), and QRT-PCR data (Fig. 3A) were used. In addition, PCA analysis showed clear differences in mRNA expression between symptomatic and late presymptomatic HD subjects, with the presymptomatic subjects clustering between the symptomatic patients and control subjects. Although there were some differences between the Affymetrix and Amersham Biosciences analyses, namely in the classification of the presymptomatic and control samples, the concordance of the two platforms was Ͼ0.7 for each of the 12 genes as determined by Pearson's correlation, with P Ͻ 0.00005 (data not shown).
To further validate the biomarker genes by using the independent test set, the QRT-PCR data also were projected onto the first two principal components identified for the training set. The PCA of the HD and control samples in the test set confirmed total separation of the two groups (Fig. 3B) . Late presymptomatic carriers of the HD mutation (average age, 39 Ϯ 6.1 years) clustered predominantly with the symptomatic patients, although some overlap with control subjects existed (Fig. 3C) . Next, expression of the 12 marker genes was examined in a new cohort of nine early presymptomatic HD subjects (average age, 22.5 Ϯ 2.6 years) and nine matched controls. Interestingly, these subjects clustered between symptomatic HD and controls but overlapped considerably with the control group (Fig. 3D) . Of the 12 genes tested, only 3 showed significant up-regulation in early presymptomatic subjects, confirming that expression profiles in early stages of HD more resemble those of controls (Fig. 3E) . Moreover, expression of the marker genes progressively increased when HD progressed from early presymptomatic to late presymptomatic and symptomatic stage (Fig. 3E) .
These results confirmed that the expression of the 12-gene marker set could clearly distinguish diseased blood samples from controls and also may discriminate stages of disease progression.
Biomarker Gene Changes in Response to Treatment in HD.
We next examined whether the expression of the 12 marker genes could be modified by treatment with sodium phenylbutyrate, an HDAC inhibitor, conducted as part of a phase I dose-finding study. Sodium phenylbutyrate has been shown to exert significant neuroprotective effects in transgenic mouse models of HD (16) . As an initial step for assessing the feasibility of phenylbutyrate administration in HD patients, a dose-finding study was performed. Blood samples were collected from 12 HD patients before treatment and at week 4 of treatment with phenylbutyrate. Using QRT-PCR, we found a small but statistically significant decrease in the expression of the 12-gene marker set in 10 of 12 patients after 4 weeks of treatment (Fig. 4A) . When the marker genes were examined individually, 8 of 12 genes were significantly decreased in response to 4 weeks of treatment with phenylbutyrate (Fig. 4B) . ␤-Actin controls used in these experiments did not exhibit any systematic changes in expression between the untreated and treated groups of patients. There were no significant symptomatic effects of phenylbutyrate in any of the subjects as expected in a dosefinding study not powered to detect alterations in symptoms or progression.
Together, these results indicated that the selected biomarker set of 12 genes may be used to monitor early responses to treatment in patients with HD.
Expression of Biomarker Genes in Human HD Brain Tissue. To examine whether the changes in mRNAs observed in HD patient blood correlated with mRNA changes in brain, the expression of the 12 genes was analyzed by QRT-PCR in caudate nuclei isolated from five postmortem HD brains (Vonsattel grades 0-2) and four control brains. Of the 12 genes tested, 7 exhibited significant up-regulation in HD brain samples, compared with controls, whereas the other 5 genes were not significantly altered (Fig. 5) .
Although the mechanisms of differential gene expression between the blood and brain tissues is not fully elucidated, we show that alterations of gene expression in HD blood at least in part correlate with changes in gene expression in HD brain, indicating that mutant huntingtin may affect similar targets in these tissues. These results raise an intriguing possibility that blood markers may provide a more accessible window through which it is possible to monitor the underlying pathogenic process in HD.
Discussion
Our results demonstrate dramatic alterations in gene expression in the peripheral blood of HD patients. To analyze the observed changes in mRNAs in more detail, we focused on a subset of 12 genes that were able to clearly distinguish normal controls and patients with HD. Most importantly, the expression of these marker genes was altered in relation to disease progression from early presymptomatic to late presymptomatic and symptomatic stage of HD. Gene expression in younger carriers of the HD mutation (average age, 22 years) resembled the expression patterns observed in control subjects, whereas older presymptomatic subjects (average age, 39 years) became more similar to symptomatic HD patients (average age, 49 years). These findings indicate that a subset of mRNAs isolated from blood could be useful in monitoring the progression of HD. Studies in cell culture, yeast, and Drosophila models of polyglutamine disease indicated that HDAC inhibitors might provide a useful class of agents to ameliorate the process of neurodegeneration in HD (7) (8) (9) (10) (11) . We had the opportunity to examine the marker gene set in a phenylbutyrate dose-finding study that was recently performed in HD patients. Interestingly, we found significant down-regulation of a subset of mRNAs in treated patients, suggesting that HDAC inhibitors may affect specific targets in the blood of HD patients. Although the effects of HDAC inhibitors on the expression of the marker genes appeared rather subtle, they were statistically significant in 10 of 12 patients. At the same time, it is still not clear whether subtle or robust changes in gene expression will prove important in the pathogenesis of HD and in response to treatment. Correlating such changes in blood mRNA with the effects of the treatment on the rate of neurodegeneration and disease progression must await a much larger phase III clinical study.
To further address the question of biological relevance of the marker genes, we asked whether these mRNAs were differentially expressed in human HD brain. Of the 12 genes tested, 7 showed significantly up-regulated expression in postmortem HD brain, suggesting that mutant huntingtin may affect similar targets in blood and brain. It has been demonstrated previously that mutant huntingtin specifically interferes with the function of general transcription factors and coactivators, such as Sp1 and CBP (3, 4) . Because these factors exhibit ubiquitous expression, it is not surprising that mutant huntingtin may affect gene transcription in tissues outside the CNS. At the present time, it is not clear why only neurons are predominantly affected in HD. One possible explanation may lie in the fact that neurons are postmitotic and highly specialized as opposed to dividing blood cells, which may be less susceptible to degeneration because of their short half-life.
Microarrays for gene-expression profiling are rapidly becoming important research tools for identifying potential biomarkers (17) (18) (19) . In contrast to other studies related to HD that have used tissues difficult to access in live patients, we used easily accessible peripheral blood. The use of genomic research in the analysis of bloodderived mRNA may represent an important advancement for development of biomarkers in neurological and other diseases. Such a minimally invasive approach enables larger sample sizes, better matching of patients, and more standardized collection procedures. Our study identified a large number of significantly altered mRNAs from which other smaller sets of genes could be selected and validated in a variety of clinical situations. The selection and validation of marker genes could vary, depending on the purpose of the biomarker. For example, biomarkers used for prognostic purposes might differ from biomarkers linking a surrogate endpoint to a clinical endpoint and would be validated differently. Furthermore, the optimal biomarker gene set for monitoring different therapeutic targets could differ but could potentially be configured from the larger pool of genes that we have identified. One of the goals of biomarker development relevant to HD and other diseases is to enable an assessment of drug specificity, safety, and efficacy, thereby improving the efficiency and costeffectiveness of the drug development process. Many potential therapies have now been tested in genetic models of HD, providing a rationale for a number of clinical trials that have already occurred or are planned and for which biomarkers are greatly needed.
